' & $ % Synopsis NF-κB (nuclear factor κB) plays a significant role in inflammation, immunity, cell proliferation, apoptosis and malignancy. ROS (reactive oxygen species) are among the most important regulating factors of NF-κB. Intracellular ROS are mainly regulated by an endogenous antioxidant defence system. Any disruption of redox balance leads to oxidative stress, which causes a number of pathological conditions including inflammation and malignancy. Increased metabolic activity in cancerous cells leads to oxidative stress, which is further enhanced due to depletion of the endogenous antioxidant defence system. However, the activation and signalling of NF-κB are reported to be inhibited by overexpression and induced activity of antioxidant enzymes. Therefore the present study focuses on the correlation between the endogenous antioxidant defence system, ROS and NF-κB activation during lymphoma growth in mice. The study highlights the anti-carcinogenic role of curcumin by modulation of NF-κB activation and oxidative stress via the endogenous antioxidant defence system. Oxidative stress was monitored by lipid peroxidation, protein carbonylation and antioxidant enzyme activity. NF-κB-mediated signalling was tested by DNA-binding activity. The results reflect that intracellular production of H 2 O 2 in oxidative tumour micro-environment regulates NF-κB activation. Curcumin inhibits oxidative state in the liver of lymphoma-bearing mice by enhancing the transcription and activities of antioxidant enzymes, which in turn modulate activation of NF-κB, leading to a decrease in lymphoma growth. Morphological changes as well as cell proliferation and cell survival assays confirmed reduced lymphoma growth. Thus curcumin contributes to cancer prevention by disrupting the vicious cycle of constant ROS production, responsible for a high oxidative micro-environment for tumour growth.
INTRODUCTION
NF-κB (nuclear factor κB), a family of ubiquitous transcription factors, is expressed in all cell types and plays a wide variety of vital roles in inflammation, immunity, cell proliferation, migration and apoptosis. However, growing evidence supports a major role of NF-κB in oncogenesis. Inactive NF-κB dimers are predominantly sequestered in cytoplasm due to their interaction with the IκBs (inhibitors of NF-κB; IκBα, IκBβ, IκBe and Bcl-3), responsible for their retention in the cytoplasm. Activation and nuclear translocation of NF-κB may result from a number of external or internal factors including a wide range of stimuli such as cytokines, growth factors, tyrosine kinases, bacterial Abbreviations used: bw, body weight; DL, Dalton's lymphoma; EMSA, electrophoretic mobility-shift assay; GPx, glutathione peroxidase; LDL, low-density lipoprotein; MDA, malondialdehyde; NF-κB, nuclear factor κB; IκB, inhibitor of NF-κB; ROS, reactive oxygen species; RT-PCR, reverse transcription-PCR. 1 To whom correspondence should be addressed (email manjulavinayak@rediffmail.com).
products, viral infection, physiological, physical and oxidative stress, receptor ligands and some pharmaceutical chemicals [1] . The regulation of NF-κB by oxidative stress is an important cause of malignancy and cancer progression. Oxidative stress is an imbalance between oxidants and antioxidants, leading to modification in biochemical properties of biomolecules in the cells, which results in physiological dysfunction [2] . ROS (reactive oxygen species) such as superoxide and H 2 O 2 are generated as by-products of cellular metabolism such as mitochondrial respiration [3] . Normally H 2 O 2 is converted into water by the enzymes, catalase and GPx (glutathione peroxidase). The endogenous antioxidant defence system is depleted under oxidative stress which influences cellular redox potential with enhanced ROS level causing tissue damage by reacting with lipids in cellular membranes, nucleotides in DNA, thiol groups in proteins and cross-linking/fragmentation of RNPs (ribonucleoproteins) [4] [5] [6] . Apart from causing oxidative damage, ROS are known to be potent activators of NF-κB [7] . The process of tumorigenesis of normal cell can be categorized into three different phases. The first phase is tumour initiation where the genetic material of the cell is mutated leading to activation of oncogenes and/or inactivation of tumour-suppressor genes; the second phase is tumour promotion characterized by the clonal expansion of initiated cells, owing to increased cell proliferation and/or reduced cell death; and the third phase is tumour progression, which includes invasion, metastasis and spreading. The higher ROS level contributes in all the phases of the process of tumorigenesis either by a direct mechanism involving damage to DNA or indirectly by modulating cellular signal transduction [8, 9] . There is evidence showing that ROS function as second messengers involved in the activation of NF-κB, in response to stimuli such as cytokines, growth factors, etc., which in turn activates gene expression of a number of early transcription factors of cell-cycle progression. Therefore the activation and signalling of NF-κB should be inhibited by inducing the activity of antioxidant enzymes such as catalase and GPx-1, which contribute to regulate ROS accumulation.
A variety of chemopreventive phytochemicals are reported to prevent carcinogenesis either by enhancing cellular antioxidative and detoxification enzymes or by suppressing overexpression of pro-inflammatory and growth-promoting gene expression driven by transcription factors such as NF-κB, AP-1 (activator protein 1), etc. Curcumin inhibits chemically induced carcinogenesis in multiple organ sites in various experimental animal models. Therefore the present work was designed to investigate the mechanism involved in the anti-tumorigenic action of curcumin, especially correlation between oxidative stress, the cellular antioxidant defence system and NF-κB activation.
MATERIALS AND METHODS

Materials
All chemicals were of analytical and molecular biology grade used without further purification. Chemicals were purchased from Sigma-Aldrich, Fermentas Life Science, Ambion, Sisco Research Laboratories, Merck and Himedia.
Maintenance of animals and induction of murine transplantable lymphoma [DL (Dalton's lymphoma)]
Healthy adult male mice (AKR strain, 16-20 weeks old, 30 + − 2 g) were used in the experimental work because of their susceptibility to lymphoma and short lifespan. They were bred and maintained under standard laboratory conditions, as per the guidelines of the Institutional Animal Ethical Committee, at 25 + − 2
• C under a 12 h light/12 h dark schedule and were provided with standard mice feed and drinking water ad libitum. DL was induced by serial transplantation of approximately 1 × 10 6 viable ascite tumour cells in 1 ml of PBS by intraperitoneal injection. The success rate of DL development is 100 % [10] . DL ascite cells were a gift from Professor Ajit Sodhi, School of Biotechnology, Banaras Hindu University, Varanasi, India.
Curcumin treatment of DL mice DL mice were randomly divided into five groups with 15 mice in each group. Three groups were treated with different doses of curcumin: 1.5 mg [50 mg/kg of bw (body weight)], 3 mg (100 mg/kg of bw) and 4.5 mg (150 mg/kg of bw) dissolved in 50 μl of DMSO to each mouse per day via intraperitoneal injection for 9 days consecutively, starting from the day after DL transplantation. The fourth group received 50 μl DMSO (vehicle) in a similar manner and the fifth group of DL mice were used without any treatment. In addition, one group of normal mice was used without any treatment. Ten mice from each group were killed on day 18 post-DL transplantation by cervical dislocation. Ascite fluid was collected from the peritoneum and the volume was measured. The liver, the detoxifying organ of the body, was selected for the study because of its role in the antioxidant defence system. It was excised immediately after killing the animal and washed in chilled normal saline. Ascite fluid and tissue samples from three mice were randomly pooled and used immediately or stored at − 70
• C. The remaining mice in each group were maintained on normal diets until death to study their survival time after the treatment. The longevity of mice of each group was noted and the percentage increase in the lifespan of curcumintreated DL mice was analysed.
Morphological change
The effect of curcumin on the bw of DL mice was analysed as a marker of tumour progression, as bw increases in DL mice as compared with normal mice due to accumulation of ascitic fluid. The bw of the mice of all the groups of different sets were recorded on day 18 post-DL transplantation.
Cell proliferation
Cells were separated from 1 ml of ascite fluid by centrifugation at 1000 g for 5 min at 4
• C. The pelleted cells washed with PBS (pH 7.4) and centrifuged at 1000 g for 5 min. The resulting pellets of ascite cells were dissolved in 1 ml of PBS (pH 7.4). The numbers of total as well as viable cells were counted by the Trypan Blue assay, for which 100 μl of the ascite cells were suspended with equal volume of 0.4 % Trypan Blue stain, then 10 μl of the ascite cell suspension was placed on a Neubauer's slide of haemocytometer and viable cells as well as total cells were counted under microscope.
Preparation of tissue homogenate
Tissues were homogenized in 50 mM potassium phosphate buffer, pH 7.0, containing 1 mM PMSF and 0.1 % Triton X-100 with a polytrone homogenizer in a cold room, maintained at 4 + − 2
• C and centrifuged at 14 000 g for 20 min at 4
• C. was collected, then the total protein content in each sample was determined using the method of Bradford [11] and used directly or stored in aliquots at − 70 • C for further use. An equal amount of protein of each sample was separated by SDS/PAGE (10 % gel) and stained by CBB (Coomassie Brilliant Blue) staining, as described previously [12] , to show equal loading and to check protein integrity.
Lipid peroxidation assay
The MDA (malondialdehyde) level, as an indicator of lipid peroxidation, was measured using the method described by Ohkawa et al. [13] with minor modifications [14] . The concentration of MDA was determined using the standard curve, generated by taking known quantities of 1,1,3,3-tetramethoxypropane and expressed as nmols of MDA/mg of protein.
Protein carbonylation assay
Carbonylated protein concentration was determined according to Levine et al. [15] . The absorbance was measured at 366 nm against the appropriate blank sample. Carbonylated protein content was determined by using a molar absorption coefficient (ε) of 22000 M − 1 ·cm − 1 . The amount of protein carbonyl groups was expressed as nmols of CO/mg of protein.
Activity gel assay of antioxidant enzymes
Activity gel assays were used to measure the activity and isoenzymes pattern of the antioxidant enzymes catalase and GPx. As alterations in enzymatic activity are associated with metabolic changes, non-denaturing PAGE analysis of antioxidant enzymes was preferred over immunodetection, because the method utilizes substrate specificity-based detection of only the active part of the protein.
Catalase
The activity gel assay of catalase was performed by nondenaturing PAGE, followed by the ferricyanide method described by Woodbury et al. [16] with minor modifications. Equal amounts of protein from each sample were separated by 7.5 % nondenaturing PAGE at 4
• C. After electrophoresis the gel was stained as described previously [17] . The intensity of bands was analysed by densitometric scanning using an Alpha Image Analyser System (Alpha Innotech).
GPx
In-gel activity assay of GPx was performed by non-denaturing PAGE, followed by the method of Lin et al. [18] with minor modifications. Equal amounts of protein from each sample were separated by PAGE using a 10 % non-denaturing gel at 4
• C. After electrophoresis the gel was submerged in 50 mM Tris/HCl buffer (pH 7.9) containing 13 mM GSH and 0.01 % H 2 O 2 with gentle shaking for 20 min at room temperature (25 • C). The gel was stained with solution containing 1.2 mM NBT (Nitro Blue Tetrazolium) and 1.6 mM PMS (phenazine methosulfate) for 20 min at room temperature in the dark and then exposed to bright light until the appearance of a clear zone of GPx bands with purple background. The intensity of bands was analysed by densitometric scanning using an Alpha Image Analyser System (Alpha Innotech).
RNA isolation and RT-PCR (reverse transcription-PCR)
The expression of the catalase and GPx-1 genes were studied by semi-quantitative RT-PCR using an Applied Biosystem Thermal Cycler. Total RNA was isolated from liver of all the groups of mice using TRI Reagent (Sigma-Aldrich) as per its user manual and dissolved in RNase-free DEPC (diethyl pyrocarbonate)-treated water at 55-60
• C. To remove any genomic DNA contamination, DNase treatment was carried out on total RNA using a TURBO DNA-Free TM Kit I (DNase I, Ambion) according to the manufacturer's instruction. RNA was quantified at 260 nm and the integrity was checked by 1 % formaldehyde agarose gel electrophoresis. The following primers were used for semi-quantitative RT-PCR with β-actin as the internal control. Catalase: forward primer, 5 -AATCCTACACCATGTCGGA-CA-3 ; reverse primer, 5 -CGGTCTTGTAATGGAACTTGC-3 . GPx-1: forward primer, 5 -AGTACGGATTCCACGTTTGA-3 ; reverse primer, 5 -GGAACTTCTCAAAGTTCCAG-3 . β-Actin: forward primer, 5 -GTGGGCCGCCCTAGGCACCAG-3 ; reverse primer, 5 -TCTTTGATGTCACGCACGATTTC-3 .
The cDNAs of catalase, GPx-1 and β-actin were synthesized from isolated total RNA of each group using a standard mixture containing each dNTPs (Sigma-Aldrich), reverse primer, M-MuLV reverse transcriptase (Revert Aid TM , Fermentas Life Science), RNase inhibitor (Ribolock TM , Fermentas Life Science), 5 × reaction buffer and RNA-free water according to the standard protocol of Fermentas Life Science, and cDNA was stored at − 70
• C or immediately used for the PCR. PCRs were carried out using Taq DNA polymerase reaction buffer, each dNTP, appropriate primer pairs, Taq DNA Polymerase (Sigma-Aldrich) and cDNA synthesized in the step above and incubated in the Thermal Cycler (Applied Biosystem). PCR was started with a 3 min incubation at 95
• C for denaturation followed by a three-step temperature cycle: catalase (denaturation at 95
• C for 30 s, primer annealing at 55
• C for 30 s, elongation at 72
• C for 45 s and number of cycles 22), GPx-1 (denaturation at 95
• C for 45 s, elongation at 72
• C for 1.0 min and number of cycles 36), β-actin (denaturation at 95
• C for 30 s, primer annealing at 60
• C for 45 s and number of cycles 28). A final extension step at 72
• C for 7 min was included after the final cycle to complete polymerization. The number of cycles was optimized within the exponential phase of amplification. The size of the amplified products was determined by agarose gel electrophoresis using a 100 bp ladder. The amplicon size of catalase, GPx-1 and β-actin were 726, 533 and 539 bp respectively. The band intensity of the amplified products in the gel was visualized, photographed and analysed using a Gel Doc System (Alpha Innotech). Furthermore, the ratio of each amplified cDNA to the corresponding lane of β-actin cDNA was determined.
Extraction of nuclear protein
Nuclear protein was extracted from liver of mice according to Dignam et al. [19] with minor modifications and quantified according to the Bradford method. The samples were separated by SDS/PAGE (12 % gel) and stained with silver according to the method described by Vorum et al. [20] . The sample loading was found to be equal and the integrity of protein was maintained.
EMSA (electrophoretic mobility-shift assay)
The binding affinity of nuclear protein to the NF-κB consensus sequence was determined by EMSA, carried out according to the method of Liu et al. [21] . Purified synthetic oligonucleotide probes corresponding to the NF-κB consensus sequence (sense 5 -AGTTGAGGGGACTTTCCCAGG-3 antisense 5 -GCCTGGGAAAGTCCCCTCAA-3 ) were annealed, end labelled with [α-32 P]CTP using Klenow enzyme (Fermentas Life science) and separated from free probes by Sephadex G50 column (spun column) chromatography. Approx. 0.1-0.2 ng (approx. 25 000 c.p.m.) labelled double-stranded oligonucleotides were taken per reaction. Unlabelled probe was used as a competitor for determining the specificity and affinity of binding. Non-specific competition was assayed using poly(dI-dC) · (dIdC). The binding reaction was carried out at 25
• C for 30 min with nuclear protein and 1 μg of poly(dI-dC) · (dI-dC), 0.1 ng of radiolabelled probe in a final volume of 20 μl and an equal volume of 2 × binding buffer (2 × 10 mM Hepes, pH 7.9, 20 % glycerol, 50 mM KCl, 0.1 mM EDTA and 0.25 mM PMSF). The reaction was terminated by adding 10 μl of 5 × loading dye (6 % sucrose, 2 mM Tris/HCl, pH 8.0, 0.05 % Bromophenol Blue and 0.05 % xylene cyanol FF). DNA-protein complexes were separated on a 5 % non-denaturing polyacrylamide gel in 0.5 × TBE (Tris/borate/EDTA) running buffer at 150 V. After proper resolving, the gel was fixed in 10 % acetic acid and 10 % methanol for 15 min, dried and exposed to X-ray film at − 70
• C for 48 h for autoradiography. The intensity of the complexes on autoradiogram was photographed and analysed by densitometric scanning using an Alpha Image Analyser System (Alpha Innotech).
Statistical analysis
All the experiments were repeated three times and statistical analysis was performed with Sigma Stat 3.5 software using one-way ANOVA followed by Student-Newman-Keuls test. Values were expressed as means + − S.E.M., P < 0.05 was taken as statistically significant [95 % CI (confidence intervals)] compared with DL groups.
RESULTS
Effect of curcumin on oxidative stress
Redox status was monitored in the liver of lymphoma-bearing mice by the assay of the markers of oxidative stress, i.e. lipid peroxidation as well as protein carbonylation. Increased lipid peroxidation and protein carbonylation in the liver of DL mice as compared with normal ones confirmed oxidative stress condition in cancerous mice. Furthermore, the effect of curcumin (three doses) on these parameters was evaluated.
Protein carbonylation
Carbonylated protein content in the liver of lymphoma-bearing mice was found to be approx. 1.85-fold of normal mice. Treatment with curcumin significantly down-regulated the level of carbonylated protein (Figure 1a) . The dose of 100 mg of curcumin/kg of bw decreased the level of carbonylated protein maximally, up to approx. 0.62-fold of DL mice. The other two doses of 50 and 150 mg curcumin/kg of bw are also capable of reducing carbonylated protein content.
Lipid peroxidation
The effect of curcumin on lipid peroxidation in the liver of lymphoma-bearing mice was measured in terms of MDA. MDA level was elevated in lymphoma-bearing mice up to approx. 1.5-fold in comparison with normal mice (Figure 1b) . Treatment of DL mice with 100 mg curcumin/kg of bw was found to be most effective leading to a significant decrease in the level of MDA, which was approx. 0.75-fold of DL mice.
Effect of curcumin on antioxidant enzymes
Catalase and GPx are the most important antioxidant enzymes as they reduce H 2 O 2 and other peroxides to their non-toxic derivatives. Therefore these enzymes were assayed as parameters of the endogenous antioxidant defence system. 
Expression of catalase
The expression of catalase in the liver of lymphoma-bearing mice was found to be decreased up to approx. 63 % of normal mice (Figure 2 ). Out of the three different doses of curcumin treatment, 100 mg/kg of bw significantly induced the expression of catalase almost up to normal level (approx. 93 % of normal). The upregulation of catalase by curcumin is approx. 1.5-fold higher at the transcriptional level.
Activity of catalase
The activity of catalase in the liver of lymphoma-bearing mice was checked by activity gel assay (Figure 3) , which was found to be decreased in lymphoma-bearing mice, reaching up to approx. 61 % of normal mice. It may be the result of over production of H 2 O 2 owing to the development of oxidative stress in the liver. Treatment of curcumin to DL mice significantly elevates the activity of catalase, up to approx. 86 % of normal mice with the dose of 100 mg/kg of bw showing 1.4-fold increase in enzyme activity.
Expression of GPx-1
The expression of GPx-1 in the liver of lymphoma-bearing mice was found to be approx. 67 % of normal mice (Figure 4) , which was up-regulated by treatment with curcumin. DL mice treated with 100 mg of curcumin/kg of bw showed significant recovery in the expression of GPx-1 rising up to approx. 91 % of normal mice. GPx-1 is modulated by curcumin at the transcriptional level by approx. 1.35-fold.
Activity of GPx
GPx-1 activity in DL mice was found to be about half (approx. 59 %) in comparison with normal mice (Figure 5 ) supporting the hypothesis. The treatment of DL mice with different doses of curcumin potentiated the activity of GPx. Out of three different doses of curcumin treatment, 100 mg/kg of bw induced the activity of GPx most effectively. The activity level of GPx-1 was approximately equivalent to 84 % of normal, matching with the increase in the expression of GPx-1. The activity of GPx-1 was enhanced by approx. 1.42-fold. Similar to catalase, the other doses, i.e. 50 and 150 mg curcumin/kg of bw, were significantly effective to induce the activity of GPx. The activity of GPx-2 was also induced by curcumin. GPx-3 activity was found only in the liver of DL-and DMSO-treated DL mice. 
Effect of curcumin on activation of NF-κB in the liver of lymphoma-bearing mice
The intensity of DNA-protein complexes obtained by densitometric scanning of autoradiogram in lymphoma-bearing mice was approx. 1.5-and 1.6-fold higher in case of p65/p50 and p50/p50 complexes, respectively, in comparison with normal mice (Figure 6 ). Down-regulation of the activation and translocation of the transcription factor NF-κB in the liver was obtained by treatment with 100 mg of curcumin/kg of bw, which was approx. 0.65-fold and 0.6-fold of lymphoma-bearing mice in the case of p65/p50 and p50/p50 complexes respectively.
Characterization of lymphoma
The morphological changes were visible at 10-11 days posttransplantation. DL mice showed the characteristic abdominal swelling with accumulation of ascite fluid in peritoneum and increased bw. DL mice survived for 20 + − 2 days; however, the lifespan of normal mouse is approx. 18 months. Development of lymphoma has been confirmed previously based on histological changes [22] .
Effect of curcumin on bw of lymphoma-bearing mice
The change in the morphological appearance of DL mice by the treatment with curcumin was monitored by measuring the bw of DL and curcumin treated DL mice on day 18 post-DL transplantation. The mean mass of DL mice was found to be 44.5 g which was equal to 48.33 % increase in bw compared with normal, as the increase in bw of normal mice in 18 days is negligible. The treatment with curcumin significantly reduced the bw of DL mice by up to 11.94 %, 20.96 % and 21.28 % in DLT50, DLT100 and DLT150 groups respectively, compared with the DL group (Figure 7a ).
Effect of curcumin on longevity of lymphoma-bearing mice
The change in the longevity of DL mice by treatment with curcumin was observed by analysing the mean lifespan of each group. The average lifespan of DL mice was found to be increased significantly by treatment with curcumin which was equal to 21.78 %, 44.55 % and 45.54 % increases in the DLT50, DLT100 and DLT150 groups respectively, compared with DL group (Figure 7b) .
Effect of curcumin on ascite fluid accumulation
A significant reduction in the accumulation of ascite fluid in the peritoneum of DL mice was observed by treatment with curcumin, which was equal to 26.23 %, 57.41 % and 60.83 % decreases in the DLT50, DLT100 and DLT150 groups respectively, compared with DL group (Figure 8a) . Normal mice do not have any ascite fluid in their peritoneum.
Effect of curcumin on in vivo cell proliferation and cell viability
The effect of curcumin on in vivo cell proliferation was observed by considering the number of total cells as well as viable cells present in 1 ml of ascite fluid. The total number of cells per ml of ascite fluid significantly decreased after treatment of DL mice with 100 and 150 mg of curcumin. The decrease was 11.0 and 14.75 % in the DLT100 and DLT150 groups respectively, compared with DL group (Figure 8b) . Similarly, cell viability also decreased by 21.21 and 21.90 % in the DLT100 and DLT150 groups respectively, compared with DL group (Figure 8b) .
The results obtained from the study emphasized that curcumin reduced oxidative stress in the liver of lymphoma-bearing mice by enhancing the expression and activity of antioxidant enzymes such as catalase and GPx-1, which in turn down-regulated the activation of NF-κB.
DISCUSSION
Because of the important role of NF-κB in cell survival, proliferation, malignancy and cancer progression, we investigated its modulation by curcumin in lymphoma-bearing mice via modulation of oxidative stress and the endogenous antioxidant defence system. Oxidative stress in DL mice has been confirmed previously showing elevated lipid peroxidation [14] . Depletion of the antioxidant defence system in the liver of DL mice also has been described in our laboratory previously [22] . Therefore we tested the potential of curcumin (diferuloylmethane), a well-known antioxidant and anti-inflammatory agent in the regulation of oxidative stress and the endogenous antioxidant defence system in lymphoma-bearing mice.
Our results confirm oxidative stress in DL mice as protein carbonylation as well as lipid peroxidation were enhanced. A number of reactions involving ROS take active part in the modification of proteins. The protein carbonylation reaction has a great deal of attention due to its irreversible and irreparable nature.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Chemically stable carbonylated proteins are produced when they are oxidized and carbonyl (CO) groups (aldehydes and ketones) are linked on to side chains (especially of proline, arginine, lysine and threonine), which is useful for both their detection and storage. Protein carbonyl derivatives are also generated through oxidative cleavage of proteins either by the α-amidation pathway or by oxidation of glutamyl side chains, leading to the formation of a peptide in which the N-terminal amino acid is blocked by α-ketoacyl derivative [23] . Protein carbonyl content is actually the most general indicator and by far the most commonly used marker of protein oxidation [23] [24] [25] , and accumulation of protein carbonyls has been observed in several human diseases including cancer. The chemical stability of protein carbonyls makes them suitable targets for their detection in the laboratory. Increased protein oxidation is a result of increased susceptibility to ROS due to subtle alterations in the structure of abnormal proteins. Mistranslated or misfolded proteins are more susceptible to oxidation. Therefore aberrant proteins accumulate during aging or in pathogenic conditions including cancer further inducing protein carbonylation which is an irreparable protein modification. Oxidatively damaged proteins are more susceptible to proteolysis than their normal counterparts. Carbonylation, being an irreversible modification, renders the modified protein to be destined for degradation in oxidatively stressed cells [26] . In the present study study, the results reflect that curcumin reduces the progression of oxidative stress (Figure 1a) by inhibiting the process of protein carbonylation in the cancer micro-environment in the liver of DL-bearing mice.
Lipid peroxidation is another marker of oxidative stress. MDA is a naturally occurring product of lipid peroxidation and PG (prostaglandin) biosynthesis. MDA is mutagenic as well as carcinogenic in nature and therefore reacts with DNA to form adducts to deoxyguanosine and deoxyadenosine. The inducing effect of oxidized LDL (low-density lipoprotein) on activation of NF-κB could be brought about by the lipid peroxidation products arising from LDL PUFAs (polyunsaturated fatty acids) [27] . The degradation product of lipid hydroperoxide provides an index of the peroxidation of lipids in biological tissue. Curcumin is reported to protect circulating lipids and lipid peroxidation and attenuates oxidative DNA damage in cultured mouse fibroblast cells [28, 29] . DNA adduction by MDA correlates to alterations in cell cycle control and gene expression in cultured cells [30] . Thus, lipid peroxidation must be considered as a significant endogenous source of DNA damage and mutations that contribute to human diseases including cancer [31] . Our result demonstrates that the treatment of DL cancerous mice with curcumin down-regulates the process of lipid peroxidation (Figure 1b) , which is proposed to reduce oncogenic progression. The anti-inflammatory and anti-oxidative activities of curcumin may be due to induction of enzymes involved in the detoxification of the products of lipid peroxidation.
NF-κB is a key agent in regulating the expression of various molecules activated in both liver cells and tumour cells during the initial stages of tumour metastasis through a H 2 O 2 -mediated pathway; the removal of H 2 O 2 is considered to be an effective approach to inhibit metastasis [32] . Therefore the present study focused on H 2 O 2 as the important ROS. We further tested whether the decrease in oxidative status of DL mice by treatment with curcumin is correlated with any improvement in the endogenous antioxidant defence system. The antioxidant enzymes catalase and GPx are the most important enzymes in detoxifying H 2 O 2 . GPx also participates in the detoxification of lipid hydroperoxides using glutathione [33] . Elevated ROS such as oxygen-free radicals, H 2 O 2 at the site of the cancer micro-environment generally suppresses the expression of catalase (EC 1.11.1.6). Therefore the activities of both the enzymes were checked in cancerous mice. Our result shows low activity of catalase and GPx (GPx-1, GPx-2, GPx-4 and GPx-5) in the cancerous mouse liver in comparison with normal mouse, which confirms the depleted antioxidant defence system. However, extracellular GPx/plasma GPx (GPx-3) activity was detected as a faint and thin activity band only in DL-and DMSO-treated DL mice liver (Figure 5a ). This isoform could not be detected in normal as well as in DL mice treated with curcumin. GPx-3 is able to use thioredoxin and also glutaredoxin instead of GSH as the reducing thiol substrate. Studies with a variety of primary tumours have shown that thioredoxin is overexpressed in the tumour tissue as compared with levels in the corresponding normal tissue [34] . There are reports of increased expression of GPx-3 in ovarian, uterine and breast cancer [35] . The main source of GPx-3 is kidney and much less is found in liver, skeletal muscle, pancreas, brain, lung, heart, the ciliary epithelium of the eye. Further, GPx-3 is a secretary protein that is released into blood after synthesis [36] . The activity of isoenzymes of GPx, preferentially GPx-1 is expected to be down-regulated by overproduction of H 2 O 2 in the cancer micro-environment due to depletion of cellular GSH level. High catalase and GPx activity in human alveolar macrophages are reported to limit the effectiveness of H 2 O 2 to act as a mediator of inflammatory gene expression [37] . Here we observed that curcumin shifted the activities of all the isoenzymes of GPx as well as catalase towards normal. Cytoplasmic GPx (GPx-1, EC 1.11.1.9), a selenoprotein is the major isoform of GPx and plays a critical role in protecting cells from free radical damage. As a substrate, GPx-1 strongly prefers H 2 O 2 . However, a wide variety of hydroperoxides such as lipid hydroperoxides can also serve as substrates. The main function of GPx-1 is to catalyse the reduction of H 2 O 2 to water by using GSH as a source of reducing equivalents. Therefore the effect of curcumin on the expression of GPx-1 in the liver of lymphoma-bearing mice was tested. Curcumin leads to elevation in expression of GPx-1. Further, the expression of catalase was also up-regulated in curcumin-treated DL mice. Thus curcumin leads to an improvement in the antioxidant defence system by elevation of the expression and activities of antioxidant enzymes. The difference in modulation of the antioxidant enzymes catalase and GPx at the transcriptional and post-translational level supports that, apart from high transcription and synthesis, the enzymes are fine-tuned affecting enzyme activities. The regulation of enzyme activity by post-translational modifications is a common phenomenon. Curcumin is reported to affect the antioxidant defence system at the transcriptional and post-transcriptional levels in L-thyroxine-induced hyperthyroid rats [38] . Now the present study is focused on the correlation between the endogenous antioxidant defence system, ROS in terms of oxidative stress and NF-κB activation in the liver of DL-bearing mice. ROS leads to up-regulation of NF-κB activation and its nuclear translocation. Several studies have indicated that NF-κB is an important transcriptional regulator of oncogenic proteins. Therefore its activation was expected to be higher under elevated oxidative stress condition in the cancer micro-environment. Addition of antioxidants or overexpression of antioxidant enzymes such as GPx, should down-regulate or block the activation of NF-κB. As curcumin up-regulates the expression and activity of antioxidant enzymes and reduces the oxidative stress in terms of lipid peroxidation and carbonylated protein obtained from the above study, we checked the activation and nuclear translocation of NF-κB by EMSA. As expected, the intensity of DNA-protein complexes obtained by densitometric scanning of autoradiogram in lymphoma-bearing mice was higher in the case of p65/p50 and p50/p50 complexes in comparison with normal mice, which was down-regulated by curcumin treatment. NF-κB under inactive condition remains in cytosol as a p50/p50 or p65/p50 dimer to which the inhibitory subunit IκB remains attached. The inhibitor is phosphorylated upon activation and is subsequently degraded, leaving the dimer free to move to the nucleus and to bind to the promoter region on DNA. Thus the presence of DNA-bound dimer in the nuclear fraction is an indicator of activated NF-κB. In the present study, EMSA result shows that binding of both subunits to DNA decreases with curcumin treatment of DL mice indicating that curcumin down-regulates NF-κB activation. The activation of NF-κB in endothelial cells is reported to be contributed by lipid peroxidation [39] . Chemically modified catalase derivatives targeting liver non-parenchymal cells inhibit NF-κB activation [40] . Liver-specific catalase expression in transgenic mice inhibits NF-κB activation [7] . In some cell lines, H 2 O 2 -mediated oxidative stress results in the activation of the NF-κB, which is known to regulate a number of genes involved in inflammatory response, cellular proliferation and oncogenic transformation [41] . Therefore catalase being the H 2 O 2 -metabolizing enzyme should be regarded as inhibitor of NF-κB-mediated cell proliferation and oncogenic transformation in the liver via elimination of H 2 O 2 . Similarly, GPx-1-mediated H 2 O 2 clearance appears to preferentially inhibit the activity of IKKa (IκB kinase a). GPx-1 overexpression is reported to down-regulate NF-κB binding to DNA and the transcriptional activation of an NF-κB-dependent luciferase reporter [42] . GPx-1 overexpression in MCF-7 cells affected phosphorylation of p70 S6K , whereas ERK1/2 (extracellular-signalregulated kinase 1/2) and p38 MAPK (mitogen-activated protein kinase) were not affected. Elevated GPx-1 expression causes a decline in site-specific phosphorylation of Akt (also known as protein kinase B) and an increase in the level of GADD45 (growth-arrest and DNA-damage-inducible protein 34; a DNA damage-response protein) [43] . Based on the literature we tested whether the increased catalase and GPx-1 in curcumin-treated DL mice can lead to modulate NF-κB activation. Our RT-PCR analysis revealed that GPx-1 overexpression was associated with inhibition of NF-κB activation in vivo in DL cancerous mouse liver by treatment with curcumin. Here, in the present study, the results indicate that curcumin inhibits H 2 O 2 signalling-mediated NF-κB activation in the liver of DL-bearing mice ( Figure 6 ) by up-regulating the expression and activity of the endogenous antioxidant enzymes catalase and GPx (Figures 2-5 ), as well as by decreasing the oxidative status (Figure 1 ). Thus curcumin modulates the endogenous antioxidant defence system at the transcriptional level as well as via post-translational modification of enzyme activity. The anti-carcinogenic effect of curcumin was also confirmed by reduced bw (Figure 7a) , an increase in lifespan of DL mice (Figure 7b ), decrease in ascite fluid accumulation (Figure 8a ) as well as regression in cell proliferation and cell survival (Figure 8b) . Recently it was reported by our laboratory that dietary antioxidant α-tocopherol attenuates NF-κB activation and IL-6 (interleukin-6) secretion in DL mice contributing to its cancer preventive role [14] . The present result emphasized that curcumin acts as an antioxidant, improving endogenous antioxidant enzyme activities and its anti-carcinogenic action is mediated via the NF-κB signalling pathway.
Out of three different doses studied, 100 mg of curcumin/kg of bw was found to be significant and maximally effective compared with the other two doses in all the parameters.
In summary, our results indicate that overexpression of catalase and GPx-1 along with induced activity by curcumin treatment of DL mice down-regulates cancer-mediated oxidative stress and inhibits NF-κB activation supporting the hypothesis that intracellular in vivo production of H 2 O 2 in the oxidative tumour micro-environment is one of the important regulating factors of NF-κB activation. These results suggest that there exists a correlation between the endogenous antioxidant defence system, ROS, NF-κB activation and cancer progression in transplantable murine lymphoma-bearing mice and curcumin exhibits anti-carcinogenic activity by modulating these pathways.
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